The evergreen herb Pachysandra terminalis becomes moderately frost-hardy in winter. The water relations of its frost-hardy leaves were studied during a freeze-thaw cycle. Leaf water potentials, measured by psychrometry at subfreezing temperatures, were identical with those of ice, indicating equilibrium freezing. Microscopic observations showed extracellular freezing of tissue water. As evidenced by thermal analysis, the freezing process starts with the crystallization of a minor volume which was identified as apoplasmic water. The following long-lasting exotherm indicated slow export of water from the protoplasts driven by extracellular crystallization. In partially frozen leaves, the fractions of liquid water were measured at several subfreezing temperatures by nuclear magnetic resonance spectroscopy. They were consistently greater than those calculated from the osmotic potentials of cellular fluid, and the differences increased with decreasing temperature. About 50% of the differences could be abolished by freeze-killing of the leaf and was thus ascribed to the effect of a (negative) pressure reinforcing the osmotic potential. The persistent part of the differences may have reflected a matric component. At -70C, the absolute values of both potentials were -1.7 megapascals each. The water relations of Pachysandra leaves clearly indicate nonideal equilibrium freezing where negative pressures and matric potentials contribute to the leaf water potential and thus alleviate freeze-dehydration of the tissue.
When exposed to subfreezing temperatures, frost-hardy plant tissue may respond in two quite different ways, namely, by extracellular freezing of cellular water or by supercooling of the cellular solutions. Because the 12 of supercooled water is higher than that of ice of the same temperature, the supercooled state is thermodynamically labile, and supercooling should only be found as a strategy to overcome short-term ' This work was supported by the Freistaat Bayern with a fellowship to J. J. Zhu.
2 Symbols and abbreviations: I, water potential; RL, relative content of unfrozen (liquid) water; RL*, amount of liquid water in a frozen tissue; t, temperature (C); TTC, triphenyl tetrazolium chloride; ',, osmotic potential; 'p, pressure potential; *1'm, matric potential; *issue, of tissue; fices, of ice. periods of frost. By contrast, freezing of cellular water leads to a temperature-specific thermodynamic equilibrium between 1tissue and '1ice. It is a prerequisite to achieve frost hardiness that the formation of ice takes place extracellularly, i.e. in the intercellular spaces (15, 20 ; see also ref. 22 for review). Ideal equilibrium freezing takes place if the equilibrium between the frozen apoplasmic and the unfrozen protoplasmic compartments is established only by the adjustment of *I' of the latter to ice, This type of freezing has been demonstrated for leaves (4, 8, 10, 1) as well as for stem tissue (12) . Water potentials as low as -7 MPa have been reported for frozen leaves (3, 1 1), which by far exceed those usually generated by transpiration. During the autumnal frost hardening, a substantial increase of the osmotic pressure is usually observed (20, 27) . However, the extent of dehydration during freezing of the tissue cannot be compensated for by such an increase in osmotically active substances. For example, in frost-hardy Hedera leaves, which exhibit ideal equilibrium freezing at temperatures as low as -10C, >80% of the leaf water is frozen at this temperature (l1). The concomitant shrinkage of protoplasts has been termed freezing plasmolysis because it is reversible during thawing. Freezing plasmolysis has to be distinguished from the loss of osmotic responsiveness, termed frost plasmolysis, which is observed during freezing of frost-sensitive tissues (14) . Freezing plasmolysis appears to be quite different from freezing cytorrhysis, a phenomenon that is typical of single cells and of spongy tissues. The resistance of those cells to contraction during freeze-dehydration is fairly low, and the cells partly collapse during extracellular ice formation whereby the cell walls become considerably deformed, wrinkled, and indented (20) . Tensions may be produced in such a deformation process, which adds to 'I, and hence lowers the water potential of the cells.
Therefore, if cytorrhysis occurred during equilibrium freezing, cells should be less dehydrated than those following ideal equilibrium freezing. This freezing behavior has been termed nonideal equilibrium freezing. It has been repeatedly addressed in the literature (1, 18) , although the magnitude of the potentials has only once been indirectly determined (11) . The idea of negative pressures (tensions) reducing the extent of freeze-dehydration has not yet been verified by direct measurements because the introduction of probes into a plant tissue will result in cavitations as soon as substantial tensions develop (24) . Recently, we were able to demonstrate and measure tensions during extracellular freezing using an artificial osmotic cell equipped with a pressure transducer and a semipermeable membrane (28) . However, temperatures merely as low as -20C could be successfully applied because of cavitation problems at tensions larger than 0.6 MPa. In an intact plant tissue, larger tensions may result from nonideal equilibrium freezing, and several attempts have been made to calculate those pressures (6, 17) . However, in these considerations, negative %p and Im could not be separated. This may be one of the reasons for the rather large negative pressure potentials that have been estimated from the high bulk elastic moduli of the cell walls (-10 to -300 MPa [6] ).
In this paper, the water relations of frost-hardy leaves of Pachysandra terminalis, which has been previously reported to show nonideal equilibrium freezing (4), were studied during freezing and thawing. Extracellular ice deposition was demonstrated microscopically and by thermal analysis. The contribution of negative pressure potentials and of matric potential to the preservation of cellular water in the liquid state has been quantified.
MATERIALS AND METHODS Plant Material
Fully expanded young leaves of Pachysandra terminalis Sieb. et Zucc., growing in the open air on the campus of the University of Bayreuth were used for the experiments. This plant is an evergreen, herbaceous perennial (Fig. 1A) which in summer can tolerate temperatures as low as -6°C and becomes moderately frost hardy during winter (-14'C). Because of its two palisade layers, it has a stiff leaf structure (Fig. IB) .
Examination of Frost Hardiness: Viability Test
For each sample, 20 leaf discs of a total weight of 0.25 ± 0.01 (mean ± SD) g were wrapped in aluminum foil, cooled to desired subzero temperatures, and kept there for 30 min. After the discs were rewarmed slowly (10C/ 15 min) to room temperature, viability tests were performed using the TTC method (23) . Subsequent to the incubation in the reagent mixture, leaf discs were extracted with boiling methanol, and the extract was cooled to room temperature. Then, the volume of the extract was adjusted to 30 mL before reading the A530. Viability was expressed in terms of the percentage of absorbance compared with that produced by a control sample subjected to a 0C treatment (Fig. 2) .
Preparation of Expressed Cell Sap
After the main veins were removed, leaves of Pachysandra were ground in liquid nitrogen. After thawing, the still powdery material was centrifuged at 1 57,000g for 15 min at 4TC.
The supernatant was collected and used as the expressed cell sap without correcting for apoplasmic water (see "Discussion"). For Water potentials of leaves were measured according to the procedure described by Shackel (21) . To break the cuticle, an appropriate area of the abaxial surface of a leaf was partially abraded with A1203 powder (Buehler-Met GmbH, Stuttgart, FRG; grain size, 0.05 ,um). After the leaf was cleaned, it was sealed with white Vaseline to the sensor piston of the psychrometer and wrapped in a rubber bag which could then be placed in a temperature-controlled bath (temperature fluctuation, ±0.05C).
At each temperature, several measurements were performed, and only the data of the stable readings were used. Usually, 15 For measuring the liquid water content of freeze-killed leaves, leaf samples were sealed in aluminum foil, dipped into liquid nitrogen for 3 min, and rewarmed to room temperature. The leaf was then placed into the NMR tube, and the NMR measurements were performed as described above. Subsequent to a freeze-thaw cycle, the water content of the leaves was determined by drying the samples at 80°C for 48 h. The RL in frozen leaves was quantified according to the NMR signals as described earlier (1 1).
Theoretical Considerations
The incidence of equilibrium freezing could be investi- (Fig. 2) . In winter, however, Pachysandra growing in the open air is moderately frost hardy, showing a LT50 of -16°C (Fig. 3) in the viability test according to the TTC method (23) .
To identify the type of cooling response of leaves of Pachysandra, the water potentials of the leaves were measured at subfreezing temperatures and compared with those of ice at the same temperatures. Excised pieces of frost-hardy leaves were investigated using a Wescor leaf psychrometer. Because of the hysteresis of the freeze-thaw cycle caused by supercooling, all measurements had to be performed during rewarming of frozen (-10C) samples. In Figure 4 stripping off the epidermis of the abaxial side of leaves. To assess the viability of the tissue under the microscope, the leaves had been allowed to absorb neutral red via their petioles until the vacuoles were stained. At room temperature, the amount ofthe apoplasmic fluid was too small for microscopic recognition (Fig. 5A ). However, after freezing, bulky crystals of colorless ice could be seen in the intercellular spaces (Fig.  5B ). This indicated that the plasmalemma remained osmotically intact during freezing. By contrast, leaf tissues, which had been killed in liquid N2, rewarmed to room temperature and frozen again at -12°C appeared quite differently. Ice, including many minute lagoons of red solution, was observed inside the cells as well as in the intercellular spaces. This indicated that the membranes had been destroyed.
Thermal Analysis of the Freezing Behavior of Frost-Hardy, Frost-Sensitive, and Previously Freeze-Killed Leaves The process of freeze-dehydration can be monitored by thermal analysis. By means of such analysis, the freezing behavior of a frost-hardy living Pachysandra leaf was compared with that of a previously freeze-killed leaf and a frostsensitive leaf. The freezing exotherms of the same leaf of Pachysandra in the living (Fig. 6A ) and in the killed state (Fig. 6B) were markedly different during cooling. Cooling of a living leaf resulted in two freezing exotherms, a minute one and a broad peak. By contrast, only one sharp and narrow freezing exotherm was found for the previously killed leaf. This is in agreement with the presence of only one aqueous compartment in the latter leaf. The rate of heat release in the living leaf was obviously lower than in the killed leaf, suggest- ing some limitation of the rate of the crystallization. Finally, the thresholds offreezing temperature ofthe living leaves were consistently higher (-4.5 ± 0.2OC, mean + SE; n = 7) than those of the killed leaves (-5.2 ± 0.3OC, n = 7). For a further interpretation of the freezing behavior, the significance of the two freezing exotherms of the living leaf must be understood. The first, small exotherm was of particular interest because it should have resulted from freezing of a small aqueous pool, namely, of apoplasmic water (20) . If this were true, a comparison of the sizes of both exotherms could provide an approximate idea of the ratio of apoplasmic to protoplasmic water.
Freezing of apoplasmic water should not affect living cells, not even those of frost-sensitive plant tissue. To investigate the first exotherm, the effect of freezing of that pool of water on the viability of frost-sensitive Pachysandra leaves was examined (Fig. 3) . The thermal response to cooling was similar to that of a frost-hardy leaf. Both the small and the bulk exotherms were found in the cooling curve. The supercooling temperature (-4.9 ± 0.2C, n = 3) was in the range reported above for the living and the freeze-killed leaves. Samples were removed in the course of the freezing experiment and investigated for viability. In that experiment, the samples were kept for another 24 h at +5°C to allow any damage to develop before the TTC assay. Viability of the samples is shown in Figure 3 as a percentage of a control which was taken at 0@C and subjected to the same procedure of analysis as the samples. Leaf discs that had been collected at the end of the first exotherm (Fig. 3, arrow B) showed virtually no damage (96.8% viability), whereas those harvested at the maximum ofthe main exotherm (arrow C) were already substantially injured (76.2% viability). At the end of the main exotherm (arrow D), when the leaves had again been cooled to the temperature of the first crystallization event, damage was >50% (48.9% viability). This experiment demonstrated that (a) the frost-sensitive leaves were not affected by the low temperature but rather by ice formation; (b) heat of fusion, having given rise to the first exotherm, had not resulted from intra-but from extracellular ice formation, i.e. most likely from crystallization of apoplasmic water; this is indicated by the lack of a damage at the end of the exotherm; intracellular ice formation inevitably results in damage; and that (c) the apoplasmic portion of water was very small in Pachysandra leaves.
Water Relations of Living and Freeze-Killed Pachysandra Leaves at Subfreezing Temperatures
To calculate the content of unfrozen water from *Ileaf, a pressure-volume isotherm of the expressed cell sap was established (Fig. 7) . Expressed cell sap was concentrated, and the corresponding water potentials were measured. Plotting the reciprocal of relative volume ofwater (V/V0) in expressed cell sap versus I-' yielded straight pressure-volume curves at 5 and 0C, respectively.
Plotting RLas calculated from Equation 4 versus t furnished a curve describing the theoretical water relations of the leaf at various subfreezing temperatures (Fig. 8, curve I ). According to this curve, 81% of the leaf water should have been frozen at -70C. However, the actual content of liquid water, as measured by pulsed NMR spectroscopy (5), substantially deviated from the theoretical curve and revealed a considerably lower degree of dehydration (Fig. 8, curve II) . Again, at -7°C, only 70% of the leaf water was frozen instead of 81%.
If the amount of liquid water that in the intact frozen leaf exceeded the calculated volume had been due to the effect of a negative I,, the difference should disappear when the pressure potentials were destroyed by killing the leaf tissue. Indeed, a substantial fraction ofthis difference was eliminated in a leaf that had been freeze-killed before the NMR measurement (Fig. 8, curve III) . The residual portion of liquid water that exceeded the theoretical amount and could not be abolished by killing of the leaf became perceivable at an RL of 60% and increased with progressive freeze-dehydration of the tissue.
Components of Leaf Water Potential
To estimate the absolute values of the negative potentials that counteracted cell dehydration, pressure-volume isotherms were established in which the leaf water potentials of the partially frozen leaves were normalized to 0°C (26) and plotted versus the corresponding RL of living (curve II) and freeze-killed (curve III) leaves and of the expressed cell sap (curve I), respectively (Fig. 9A) . To simplify the curve analysis, I-' was plotted instead of I, and 1 -RL was plotted instead of RL. In this plot, an ideal, i.e. hyperbolic, relation should yield a straight line, and the contribution ofcomponents other than *,I to leaf may be estimated from the deviations of the actual curves II and III. In the investigated range, the water potentials of the living as well as of the freeze-killed leaves were consistently lower than *I'. In Figure 9B (inset), the differences between the leaf~1 (Figs. 6A and 3) . Therefore, the difference between 'kleaf and I, + %Ir, according to Equation 4 , should have resulted from a kn. This interpretation is corroborated by the fact that this difference increased with the progress of dehydration when the water in the bulk phase had been considerably reduced, thus rendering the surface effects more and more significant.
Negative 'p: Limitations and Physiological Significance
The proposal of a negative pressure in frozen plant tissue is based on extracellular freezing of cell water. This has been shown for the Pachysandra leaf by direct microscopic inspection (Fig. 5B) as well as indirectly by the delayed heat release during freezing (Fig. 6A) . Extracellular freezing, which greatly lowers the T of the extracellular solution, results in cell dehydration. In plant tissue, the development of negative pressures requires a liquid (aqueous) continuum from the outer surface of the cell wall through the plasmalemma into the cytoplasm. The maintenance ofsuch a continuum is based on two properties of the system, namely, the tensile strength of water and a high resistance of the cell wall against the penetration of air bubbles and ice crystals. Such a resistance must also be presumed to explain the existence of large tensions in the xylem (16) . Consequently, with respect to the contribution of the cell wall, the negative pressure is limited by the magnitude of the capillary forces holding water in the pores. These forces, in turn, depend on the pore sizes which are usually 4 to 5 nm in diameter (7). Such pores allow limit tensions of 60.5 to 75.6 MPa without breaking through of a gas bubble. These capillary forces also prevent the formation of ice crystals inside the cell wall. The other factor, namely, the tensile strength or cohesive force of water, is well known to be very high at positive temperatures. However, it was (and perhaps is) still a matter for discussion whether it decreases or increases in the supercooled state, i.e. at subfreezing temperatures. A recent study ofmicroscopic inclusions ofaqueous fluids trapped in crystals showed a tensile strength of water at -10°C between 50 and 100 MPa (9) , which is by far in excess of what is required to explain the negative pressure of -1.7 MPa calculated for Pachysandra leaves at -7°C. It is, however, not known whether this high tensile strength can also be maintained in a heterogeneous system like a plant cell. Nevertheless, the pore sizes of the cell wall as well as the cohesive forces of the cellular solutions appeared to be sufficient to sustain the aqueous continuum between cell wall and cytoplasm. This continuum prevents the cell membrane from separating from the wall, which in turn leads to an at least partial collapse of the cell rather than to plasmolysis. As soon as cavitation would occur inside the cell, the negative pressure would disappear and the cells would regain their original shape.
The maximum negative pressure of -1.75 MPa which was determined at -7°C (the lowest temperature at which the Wescor probe could be used) is well in the range of negative pressures estimated by Burke et al. (6) from bulk elastic moduli. However, it is not clear whether an elastic modulus determined under positive pressure is also applicable for a situation in which a tension is applied to the cell wall.
The contribution of negative pressure to the preservation of water in the liquid state in frozen Pachysandra leaves was still relatively small even at -7°C, the lowest temperature at which the whole set of measurements could be applied. At that temperature, the RL in the living leaf was 30% (Fig. 8): 19% was due to the contribution of the *I', 6% to the *I,m, and 5% to the negative pressure. In the normal growing state of a plant, an increase of an additional 5% of tissue water is physiologically insignificant. But during dehydration by 70%, an increase of 5% of liquid water may have an important effect on the survival of a plant.
It has been a matter of discussion whether the cell wall contributes to the freezing tolerance of a cell (2) or whether it even enhances the stress put on a cell by extracellular freezing (25) . As far as negative pressures develop and thereby reduce freeze-dehydration, a positive effect of the cell wall is obvious. Nevertheless, a beneficial contribution of the cell wall to freezing resistance requires sufficiently adapted cell membranes (22) and should be addressed as an inherent implement enhancing the effects of cryoprotective compounds.
